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Introduction
It is well-established that type 2 diabetes mellitus (T2DM) increases the risk for
Alzheimer's disease (AD) (Irie et al., 2008; Liu et al., 2011; Vanhanen and Soininen, 1998; Xu et al., 2009 ). Several post-mortem studies have revealed insulin resistance in the AD brain (Liu et al., 2011; Steen et al., 2005) and led to the suggestion that AD represents a 'type 3' diabetes mellitus (Steen et al., 2005) . T2DM has been associated with brain atrophy in the regions strongly affected in AD, including hippocampus (Moran et al., 2013) .
Furthermore, based on longitudinal studies, it has been estimated that the rate of global brain atrophy is even three times faster in T2DM patients than in healthy elderly individuals (Kooistra et al., 2013; van Elderen et al., 2010) , suggesting that impaired insulin signaling is adversely linked to neurodegeneration. Apart from regulating glucose metabolism in the brain, insulin acts as a neurotrophic factor and thereby may contribute to neuronal development and plasticity (Chiu et al., 2008) . One of the key players in insulin signaling is the Akt family of serine/threonine kinases, whose downstream signaling has been associated with crucial physiological functions of the brain, such as promotion of dendritic spine and synapse formation (Lee et al., 2011) . Furthermore, insulin/Akt signaling is linked to the regulation of hyperphosphorylation of Tau via glycogen synthase kinase 3β (GSK3β) (Hooper et al., 2008) . The Akt family comprises Akt1, Akt2, and Akt3, of which the last is the least well characterized and mainly involved in brain development (Alcantara et al., 2017) . The downstream signaling of Akt1, Akt2, and Akt3 is activated upon phosphorylation by mechanistic target of rapamycin complex 2 (mTORC2) at the serine 474, 473 and 472 sites, and by 2-phosphoinositide-dependent kinase 1 (PDK1) at the threonine 309, 308 and 305 sites, respectively (Noguchi and Suizu, 2012) .
Phosphorylation of both serine and threonine residues is required to fully activate each Akt M A N U S C R I P T
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5 isoform. However, the distinctive roles of each phosphorylation site remains to be elucidated (Noguchi and Suizu, 2012) .
Reduced glucose metabolism in the parietal cortex as measured by fluorodeoxyglucose positron emission tomography (FDG-PET) is one of the key brain imaging findings in AD patients (Cohen and Klunk, 2014) . Reduced glucose metabolism in the posterior cingulate cortex and hippocampus can be observed years before the onset of dementia and is associated with increased risk of AD (Mosconi et al., 2006) . Intriguingly, similar impairment in regional glucose metabolism to that in the AD brain has been reported in subjects with T2DM (Baker et al., 2011) . Although most of the brain glucose uptake is based on insulin-independent glucose transporter subtypes 1 and 3 (Shah et al., 2012) , the insulin-dependent glucose transporter 4 is present in certain brain regions, most notably in the hippocampus (Vannucci et al., 1998) . Based on these findings, increasing
brain insulin levels appears as a rational potential treatment for AD. However, to allow successful utilization of this treatment approach, two major challenges need to be overcome. First, the blood-brain barrier limits the passage of systemically administered insulin into the forebrain (Dhuria et al., 2010) , although it can relatively freely access the hypothalamus (Ganong, 2000) . Second, peripheral administration of insulin automatically leads to hypoglycemia. As demonstrated by animal studies, intranasally administered insulin has access deep into the brain along the olfactory and trigeminal pathways and reaches the brain at therapeutic concentrations (Chapman et al., 2017) . While intranasal insulin transiently raises serum insulin levels and lowers plasma glucose levels within the normal physiological range, these transient effects are considerably less problematic than the sustained increases caused by peripheral delivery of insulin (Chapman et al., 2017) .
Studies in cognitively healthy humans have shown encouraging results, which indicate that intranasal insulin may improve cognition in a dose-and memory task-dependent manner
without major adverse effects (Benedict et al., 2008 (Benedict et al., , 2007 (Benedict et al., , 2004 Brünner et al., 2015; Chapman et al., 2017; Novak et al., 2014) . Also clinical trials in individuals with MCI (mild cognitive impairment) and AD patients suggest that both acute and chronic administration of intranasal insulin ameliorates multiple aspects of cognition, including verbal memory, memory storage and selective attention (Craft et al., 2012; Reger et al., 2008 Reger et al., , 2006 .
Cognitively impaired patients also exhibit functional improvement after treatment with intranasal insulin (Craft et al., 2012; Reger et al., 2008) . However, while patients not carrying the apolipoprotein E ε4 (APOE ε4) allele mostly benefitted from intranasal insulin treatment (Craft et al., 2012; Reger et al., 2008 Reger et al., , 2006 , the treatment of APOE ε4 allele carriers has yielded mixed responses (Chapman et al., 2017) . Intranasal insulin treatment has also been shown to alter the levels of AD biomarkers in the blood and cerebrospinal fluid (Chapman et al., 2017) . A number of animal studies on the effects of intranasal insulin on the hallmark AD brain pathologies and cognitive impairment have generally demonstrated promising results (Chapman et al., 2017) . Both acute and repetitive intranasal insulin administration have been reported to improve spatial and object recognition memory, and motor learning and decision making of wild-type (WT), senescence accelerated SAMP8 and AD model mice (3xTG) (Apostolatos et al., 2012; Chapman et al., 2017; Mao et al., 2016; Salameh et al., 2015) . There are also some studies that do not indicate improvements in memory tests after intranasal insulin treatment in mice (Bell and Fadool, 2017) , but such studies are in the minority. Apart from these above-mentioned effects, it is expected that intranasal insulin may modulate the function of glia since insulin deficit has been linked to AD-associated neuroinflammation (Zhao and Townsend, 2009 ). This is a particularly relevant and timely issue given the recent characterization of a unique type of microglia associated with neurodegenerative diseases (DAM) and characterized by specific RNA profiles (Keren-Shaul et al., 2017) .
Importantly, DAM have the potential to restrict neurodegeneration, which emphasizes the need for assessing the RNA signature of DAM targets upon different treatment procedures, which are aimed to modify AD-associated outcome measures.
Here, we have addressed the effect and mechanisms of intranasal insulin treatment in the well-characterized APP Swe /PS1 dE9 (APP/PS1) transgenic AD mouse model (Borchelt et al., 1997) . APP/PS1 mice develop peripheral glucose intolerance, but not insulin resistance, nor hyperinsulinemia (Hiltunen et al., 2012; Stanley et al., 2016; Takalo et al., 2014) . Previous studies in APP/PS1 and APP23 mice, which carry the same APP Swe mutation, have shown that this AD genotype predisposes to insulin resistance, but requires another triggering factor, such as the overexpression of insulin-like growth factor 2 (Hiltunen et al., 2012; Takalo et al., 2014) , knockdown of leptin (Takeda et al., 2010) , or high-fat diet (Hiltunen et al., 2012) to develop insulin resistance. Whereas the role of insulin signaling along the Akt pathway in the brain has previously been investigated, no
studies have yet elucidated the distinctive responses of the Akt1 and Akt2 signaling pathways in different brain areas with respect to insulin treatment. Here, we demonstrate that intranasal insulin treatment increases glucose metabolism in the ventral brain areas and hippocampus of WT mice, but a similar increase is not detected in APP/PS1 mice. We also show that intranasal insulin specifically activates Akt2 and its downstream signaling, and differentially affects the expression of homeostatic microglia and autophagy markers in the hippocampus of WT and APP/PS1 mice.
Material and Methods

Animals
Fourteen-month old male APP Swe /PS1 dE9 (APP/PS1) mice (n = 17) and their age-matched WT littermates were used in the study (n = 15). In total, these 32 mice were used during the study. However, a different number of these mice was used in each analysis as indicated in their corresponding methods section. The APP/PS1 colony founders were obtained from D. Borchelt and J. Jankowsky (Johns Hopkins University, Baltimore, MD, USA), while the mice were raised locally at the Laboratory Animal Center in Kuopio, Finland. Mice were created by co-injection of chimeric mouse/human APP swe and human PS1-dE9 (deletion of exon 9) vectors controlled by independent mouse prion protein promoter elements. The two transgenes co-integrated and co-segregate as a single locus (Jankowsky et al., 2004 
towel and a droplet of 3 µl insulin was administered with a pipette into each nostril at a time. The mouse was kept supine for 30 s after each administration, then let to walk for 1 min before the following administration. The same cycle was repeated until the desired total dose was reached. Alternatively, mice were administered 0.9% saline according to the same protocol.
PET imaging
In total 11 APP/PS1 and 11 WT littermate mice were used in [ Finland). The accumulated activity data were normalized to the accumulated activity in the heart. The time window from 40 to 110 min post injection was chosen for further analysis.
Behavioral testing
Some mice (7 APP/PS1 and 4 WT) could not be accepted to the swim test due to wounds in the tail after repeated injections. They were replaced by available male mice of the inter-trial-interval. The mice received no treatment during the acquisition phase. On day 8, the platform was placed in a new location (NW, different distance from the pool wall) and five trials were run as before. After the last trial, the mice received intranasally either insulin or saline and were returned to their home cage. On day 9 (24 h after treatment), a probe trial of 60 s was run without the platform to determine the search bias as an index of spatial memory. On day 13, the platform was placed in a new location (NE) and five acquisition trials were run as before. After the last trial, the mice that previously received insulin were given saline intranasally and vice versa. On day 14, the search bias was tested in a 60-s probe trial without the platform. The experimenter was blind to the genotype and treatment of the mice. The mouse was video-tracked and the video analysis program calculated the escape latency, swimming speed, path length and time in the pool periphery (10 cm from the wall) and the platform zone (diameter 30 cm).
Sample preparation
At the end of the study, all but one mouse from those that underwent PET imaging (with or without behavioral testing, 10 APP/PS1 and 11 WT mice) were treated once more with either intranasal insulin or saline. Two hours later, the mice were deeply anesthetized with pentobarbiturate-chloralhydrate cocktail and transcardially perfused with ice-cold saline for 3 min to rinse blood from the brain. The brains were removed, hippocampi and olfactory bulb were dissected on ice and snap frozen in liquid nitrogen. The samples were stored at 
Western blot analysis
The inhibitor-supplemented total protein fractions were further diluted by taking 50 µl of homogenate and adding 70 µl of T-PER Tissue Protein Extraction Reagent (Thermo Scientific). After incubating for 20 min on ice, samples were centrifuged for 10 min at 16,000 x g and the supernatant was transferred into a new microcentrifuge tube. Protein concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo Scientific). Ten-20 µg of total protein lysates were separated by SDS-PAGE using anti-rabbit-HRP (1:5000, NA934V, GE Healthcare) diluted in 1x TBST and incubated for 1 h at room temperature. Enhanced chemiluminescence (ECL, GE Healthcare) was used to detect the protein bands. Blots were imaged with the Chemidoc MP system (Bio-Rad) and images were quantified using the ImageLab (Bio-Rad) software.
Real time quantitative PCR analysis
RNA was isolated from homogenates using the Direct-zol RNA MiniPrep (Zymo Research). RNA concentrations were measured using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Total of 250 ng of RNA was subsequently synthesized into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche). mouse Gapdh reverse 5'-TTC CCA TTC TCG GCC TTG AC-3'. Results were calculated using the 2 -∆∆Ct method (Livak and Schmittgen, 2001) .
RT-qPCR was
Statistics
IBM SPSS versions 21 and 23
were used to analyze the data. The PET data were analyzed using the paired-sample t-test. The acquisition phase of Morris swim task was analyzed with ANOVA for repeated measures (ANOVA-RM) using day as the withinsubject and genotype as between-subjects factor. Spatial search bias during the probe trials was analyzed with ANOVA-RM using treatment as within-subject and genotype as between-subjects factor. Statistical comparisons of biochemical analysis results were performed using two-way ANOVA followed by Fisher's Least Significant Difference (LSD) post-hoc test. Statistical comparisons of correlations were performed using Spearman's rho test. Results are expressed as mean ± standard error of mean (SEM) of control samples. P-values < 0.05 were considered statistically significant.
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Results
To study the effects of intranasal insulin in the AD brain, we used the APP/PS1 mouse model and age-matched WT littermates. After intranasal insulin or saline treatment, the mice underwent FDG-PET imaging to assess glucose metabolism in different brain regions. Subsequently, the spatial memory of the mice was analyzed using the Morris swim task after intranasal insulin or saline administration. With some exceptions, the same animals underwent FDG-PET and spatial memory testing twice, with intranasal insulin or saline treatment, and were then divided into intranasal insulin or saline groups before sacrificing. The timeline of the FDG-PET imaging and spatial memory testing is illustrated in Fig. 1 . To study the biochemical effect of intranasal insulin, the brain regions of interest were collected and homogenized.
Moderately increased glucose uptake in FDG-PET in ventral brain regions after intranasal insulin in WT mice as compared to APP/PS1 mice
The effect of intranasal insulin treatment on glucose uptake was determined separately for the olfactory bulb, cerebellum, and ventral half of the remaining brain using anatomical boundaries by FDG-PET imaging ( Fig. 2A) . In addition, the hippocampal voxels were extracted using an Atlas-based template for quantification of hippocampal FDG uptake.
The main insulin effect on FDG uptake was non-significant (F 1,13 = 2.2, p = 0.17). The effect approached significance in the ventral brain (F 1,13 = 4.2, p = 0.06; Fig. 2B ), but was non-significant in other brain regions (hippocampus, p = 0.08; cerebellum, p = 0.11; olfactory bulb, p = 0.54). There was no statistically significant main effect of genotype (p > 0.26 in all brain regions).
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Post-acquisition intranasal insulin impairs spatial memory retention overnight in both WT mice and APP/PS1 mice
Here, our aim was to test whether a single intranasal dose of insulin given after the acquisition period affects encoding and consolidation of a discrete memory (unique platform location) in mice. At all stages of task acquisition (learning the initial platform location on days 1-5, as well as learning a new location on day 8 and day 13), it took longer for APP/PS1 mice to find the escape platform than for WT mice ( signaling (Caccamo et al., 2018) , we next investigated whether insulin treatment affected the levels of autophagosomal markers p62 and LC3 in the hippocampus of WT and APP/PS1 mice treated with intranasal saline or insulin. There was a significant genotype x treatment interaction in p62 levels (F 1,13 = 6.6, p = 0.02) such that saline-treated APP/PS1 mice showed lower p62 levels than WT mice, but no genotype difference was found M A N U S C R I P T
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19 among insulin treated animals (Fig. 5C ). Conversely, insulin treatment decreased p62 levels on average by 30% in WT mice, but had no effect in APP/PS1 mice. LC3-I levels were lower in APP/PS1 mice as compared to WT mice (F 1,12 = 7.3, p = 0.02), and insulin tended to decrease LC3-I levels in both genotypes (F 1,12 = 4.4, p = 0.06) (Fig. 5C ).
FDG uptake correlates with the Akt2 activity in the WT, but not in the APP/PS1 mouse hippocampus
Since intranasal insulin treatment increased both FDG uptake and the phosphorylation levels of Akt2 in serine 474 in the WT mouse hippocampus (Fig. 2B, Fig. 4B ), we next investigated the possible correlation between these results. As expected, there was a significant positive correlation between FDG uptake and Akt2 phosphorylation levels in the hippocampus of saline or insulin-treated WT (n = 6, r = 0.94, p = 0.005; Fig. 6A ), but not in APP/PS1 mice (n = 7, r = -0.14, p = 0.76; Fig. 6B ). Additionally, we found a significant positive correlation between Akt2 (Ser474) and GSK3β (Ser9) phosphorylation levels in the hippocampus of insulin-treated WT and APP/PS1 mice (n = 9, r = 0.67, p = 0.049, data not shown). In addition, a significant negative correlation between Akt2 (Ser474) and Tau (Ser202, Thr205 and Ser208) phosphorylation levels was observed (n = 9, r = -0.78, p = 0.013, data not shown). In contrast, there was no significant correlation between the phosphorylation levels of Akt1 and GSK3β in the hippocampus of insulin-treated WT and APP/PS1 mice (n = 9, r = -0.38, p = 0.31, data not shown). Lastly, a significant negative correlation between GSK3β and Tau phosphorylation levels in the hippocampus was observed in insulin-treated WT and APP/PS1 mice (n = 9, r = -0.67, p < 0.05, data not shown).
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Intranasal insulin differentially affects the expression of homeostatic microglia markers in the hippocampus of WT and APP/PS1 mice
Apart from regulating GSK3β by inhibitory phosphorylation, Akt2 inhibits FoxO1, which is a transcription factor known to be a key regulator of endogenous glucose production (LatvaRasku et al., 2017) . In order to investigate the transcriptional response of FoxO1 to insulin treatment, we analyzed the expression levels of three known target genes of FoxO1, , respectively) in APP/PS1 mice M A N U S C R I P T
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21 as compared to WT mice, no statistically significant changes were observed between insulin-and saline-treated WT or APP/PS1 mice (Fig. 7C) . Similarly, increased expression of Gfap in APP/PS1 mice as compared to WT mice (F 1,15 = 165.1, p < 1x10 -8
) was
observed, but insulin treatment per se did not affect the expression of Gfap or Bdnf in the hippocampus of WT or APP/PS1 mice (Fig. 7D ).
Discussion
In this study, we have investigated how intranasal insulin treatment modulates glucose uptake, Akt signaling cascade, the phosphorylation status of Tau protein, autophagy, and the expression of glial and neuronal markers in WT and APP/PS1 mice. Further, we assessed how this treatment affects spatial learning and memory in these mice. We also for the first time delineated the specific involvement of Akt1 and Akt2 in the hippocampus upon intranasal insulin treatment. FDG-PET imaging showed that insulin treatment increased glucose uptake in the ventral brain and hippocampus of WT mice, but not APP/PS1 mice. In the Morris swim task, we observed that WT mice learned the first location of the platform and subsequently found the new platform locations significantly faster than APP/PS1 mice. However, intranasal insulin treatment delayed the learning of new platform locations of both WT and APP/PS1 mice. We also found out that intranasal insulin treatment specifically activated Akt2, but not Akt1, in the hippocampus of WT mice, Previous studies have assessed changes in Akt levels in the context of brain insulin signaling without assessing the contribution of the individual Akt subtypes (Stanley et al., 2016; Takeda et al., 2010) . Here, we show that Akt2 is the Akt family member, which is specifically activated upon intranasal insulin treatment in the healthy mouse brain. This is an interesting finding as the key role of Akt2 in glucose metabolism is supported by population-based studies in humans demonstrating that individuals carrying the AKT2 P50T genetic variant have on average a 40% reduction in glucose uptake in the whole body (Latva-Rasku et al., 2017) . We observed that the insulin-induced activation of Akt2 was associated with an increased phosphorylation status at serine 474 residue known to be phosphorylated by mTORC2, but not at threonine 308/309/305, which are phosphorylated by PDK1. It should be noted, however, that we cannot completely rule out the possibility that insulin might also activate Akt2 via threonine 309 as the antibody used detects phosphorylated threonine 308/309/305 residues in all Akt1, Akt2 and Akt3 isoforms, respectively, and thus the effect on Akt2 may be masked. Previous studies have demonstrated a more robust insulin effect on Akt phosphorylation in the mouse hypothalamus (Takeda et al., 2010) and hippocampus (Stanley et al., 2016) . However,
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23 these studies have either utilized genetically obese leptin-deficient mice (Takeda et al., 2010) , which have reduced Akt phosphorylation levels in the hippocampus and cortex (Clodfelder-Miller et al., 2005) , or delivered insulin directly into the hippocampus via reverse microdialysis (Stanley et al., 2016) . Even though insulin receptors are found in the olfactory bulb (Duarte et al., 2012) , we did not observe insulin-related effects in the olfactory bulb of WT or APP/PS1 mice. These findings are consistent with a recent study in aged rats, showing significant metabolic effect of acute intranasal insulin in the ventral brain, excluding the olfactory bulb (Anderson et al., 2017) .
In addition to regulating glucose metabolism, insulin has been shown to play a key role in neuronal development, neurotransmission, neuroprotection, and learning and memory (Duarte et al., 2012) . However, it should be emphasized that not all studies have reported positive effects of intranasal insulin treatment on memory (Chapman et al., 2017) .
This may derive from variations in the dose that reaches the critical brain region (which is difficult to estimate), but also from the timing of the administration. Our aim here was to test whether a single dose of intranasal insulin given after the acquisition period affects encoding and consolidation of a discrete memory (unique platform location) in mice.
Testing 24 h after the insulin treatment did not find evidence for enhanced spatial memory.
Rather, mice in the insulin group remembered better the original platform location than the new platform locations during the task acquisition phase than the saline-treated mice. This suggests that insulin might have impaired memory related to the most recent platform location. Interestingly, a recent study in aged rats under similar test conditions revealed that a single intranasal dose of insulin given on the test day (24 h since learning) did not improve memory recall (Anderson et al., 2017) . In general, the most beneficial effects of intranasal insulin have been obtained with repetitive dosing (Chapman et al., 2017) , suggesting involvement of slowly developing metabolic or biochemical processes in insulin
effects. Recent studies have found that insulin promotes dendritic spine and synapse formation in rat hippocampal primary neuron cultures (Lee et al., 2011) than can be considered immature neurons. However, we did not find changes in Bdnf expression levels in the hippocampus of insulin-or saline-treated middle-aged WT or APP/PS1 mice, suggesting that a single dose of intranasal insulin did not induce a marked neurotrophic response. This is consistent with the lack of positive insulin effect on spatial memory, but most likely not the only underlying mechanism that remains to be disclosed in future studies.
Downstream of Akt2 signaling, the FoxO-Pak1 transcriptional pathway regulates neuronal polarity (de la Torre-Ubieta et al., 2010). Akt2 inhibits the transcription factor FoxO1 by phosphorylating it, after which FoxO1 translocates from the nucleus to the cytosol (Dong, 2018) . Here, we observed a moderate downregulation of Pak1, a target gene of FoxO1, in response to insulin treatment in the hippocampus of WT mice, but not in APP/PS1 mice, reinforcing the idea of impaired insulin signaling pathways in APP/PS1 mice. Insulin-induced PI3K-Akt-mTOR pathway is also closely linked to autophagosomal regulation (Caccamo et al., 2018) , and the rapamycin-mediated mammalian target of rapamycin (mTOR) inhibition has been shown to decrease the levels of Aβ42 in the hippocampus and consequently ameliorate the memory deficits by increasing autophagy in AD mouse models (Caccamo et al., 2010; Spilman et al., 2010) . In the present study, we observed a significant decrease in the levels of autophagosomal markers p62 and LC3-I in the hippocampus upon intranasal insulin treatment in WT, but not in APP/PS1 mice. Also, these markers were significantly lower in saline-treated APP/PS1 mice as compared to WT mice, suggesting that their autophagosomal activity was already altered in the basal condition. Since we were unable to detect the phosphatidylethanolamine-conjugated form of LC3 (LC3-II), it is difficult to interpret whether decreased levels of LC3-I reflect M A N U S C R I P T
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25 increased autophagosomal activity. However, simultaneous reduction of p62 levels upon intranasal insulin treatment in WT mice further suggests increased, rather than decreased, autophagosomal activity. This is contrary to what one would expect if Akt activation leads to mTORC1 activation and thereby inhibition of autophagy . On the other hand, some reports suggest that Akt phosphorylated at threonine 308, but not at serine 473, is required for mTORC1 activation (Guertin et al., 2006; Rodrik-Outmezguine et al., 2011) . We observed here insulin-induced phosphorylation of Akt2 predominantly at serine 474 and not threonine 309 (corresponding to serine 473 and threonine 308 in Akt1).
Apart from the differential activation of Akt2 in the hippocampus of WT and APP/PS1 mice upon intranasal insulin treatment, the homeostatic microglia markers, P2ry12 and Cx3cr1, displayed dissimilar expression response between APP/PS1 and WT mice upon insulin treatment. However, the expression analysis of the astrocytic marker Gfap did not reveal prominent insulin-dependent changes. These are important findings given the recent advances in the characterization of a unique microglia type associated with neurodegenerative diseases (DAM) (Keren-Shaul et al., 2017) . DAM is regulated through a two-step activation mechanism in the mouse models of AD. In the first step, the increased expression of specific set of genes, such as TREM2-signalling adaptor protein (Tyrobp) is observed, while the homeostatic microglial markers, such as P2ry12 and Cx3cr1, show decreased expression. The second step, which is TREM2-dependent, involves a switch towards increased expression of a specific set of genes, such as Trem2 and Cst7. Importantly, DAM has the potential to restrict neurodegeneration, which emphasizes the importance of assessing the RNA signature of DAM targets upon different treatment procedures, which are aimed to modify AD-associated outcome measures.
Although intranasal insulin did not affect the expression of DAM target genes, we detected the expected increase of Trem2, Tyrobp and Cst7 expression in the hippocampus of M A N U S C R I P T
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APP/PS1 mice as compared to WT mice (Ulrich et al., 2018) . Importantly, the fact that intranasal insulin increased the expression of both P2ry12 and Cx3cr1 in the hippocampus of APP/PS1 mice, but tended to decrease it in WT mice, suggests that intranasal insulin treatment significantly promotes the prevailing homeostatic status of microglia in APP/PS1
mice as compared to WT mice. Thus, it is important in future studies to assess, in a similar experimental setting, the effects of intranasal insulin on the microglia status by e.g.
analyzing their activity using PET radiotracers available for microglia. Collectively, these are crucial findings in the context of ongoing intranasal insulin trials targeted against AD and MCI, since insulin deficit has been linked intimately to AD-associated neuroinflammation ("Nasal Insulin," n.d.).
While previous studies with intranasal insulin in humans and rodents have shown generally encouraging results in improving cognition, they have not consistently demonstrated if intranasal insulin treatment ameliorates Tau pathology in AD mouse models (Chapman et al., 2017) . We did not observe significant changes in the phosphorylation at the inhibitory Ser9 site of the Akt2 downstream target GSK3β, the main kinase phosphorylating Tau, in either WT or APP/PS1 mice. In line with this, no changes in Tau phosphorylation in these mice were detected. Nevertheless, we found a significant positive correlation between Akt2 (Ser474) and GSK3β (Ser9) phosphorylation levels in the hippocampus of insulin-treated WT and APP/PS1 mice, confirming that increased activation of Akt2 results in inhibition of GSK3β activity. In addition, there was a significant negative correlation between Akt2 (Ser474) and Tau (Ser202, Thr205 and Ser208) phosphorylation levels, suggesting that Akt2 activation leads to decreased Tau phosphorylation likely through decreased activity of GSK3β (Hooper et al., 2008) . These correlations are consistent with insulin-induced activation of Akt2. However, the timing and repetition of the insulin administration appear to crucially affect the results in behavioral
testing, in vivo imaging, physiological analysis, and post-mortem biochemical analysis (Chapman et al., 2017) . We also suspect that while acute insulin treatment increases glucose uptake in the brain, chronic or repeated treatment may be required to achieve trophic effects, such as restoring synaptic plasticity and eventually ameliorating cognition in AD model mice or patients.
In conclusion, we demonstrate here that intranasal insulin treatment moderately increases glucose uptake in the WT mouse hippocampus via activating the Akt2 signaling pathway. We also suggest that peripheral glucose intolerance in APP/PS1 mice could C) The protein levels of autophagosomal markers p62 and LC3-I were significantly lower in the hippocampus of APP/PS1 mice as compared to WT mice upon saline treatment.
Furthermore, p62 and LC3-I levels were significantly decreased in the hippocampus upon insulin treatment in WT, but not in APP/PS1 mice. Phosphorylated protein levels were normalized to their respective total protein levels in cell lysates and total protein levels were normalized to those of GAPDH in each sample. All results are shown as % of WT Sal. n=4-5, mean + SEM, Two-Way ANOVA, post-hoc LSD. *p<0.05, **p<0.01. and Akt2 phosphorylation levels in the WT hippocampus (n=6, r= 0.94, p=0.005), but not in the APP/PS1 hippocampus (n=7, r= -0.14, p=0.76). FDG uptake was assessed using PET imaging. Accumulated [18F] activity (Bq/ml) in the hippocampus was normalized to accumulated activity in the heart, and results are shown as relative activity. Akt2 phosphorylation levels were analyzed using Western blotting. Phosphorylated protein levels were normalized to total Akt2 protein levels and are shown as % of the levels in WT Sal samples. 
